A new large-scale facility is currently in the design phase at the Paul Scherrer Institute. SwissFEL is foreseen to accelerate electrons up to an energy of 7 GeV with a pulsed time structure. Unavoidable interactions of the primary beam with beam line components create secondary radiation. The shielding of the accelerator vault has to reduce the radiation level for accessible areas in compliance with legal constraints. In addition, the position and layout of cable ducts and infrastructure shafts through the shielding of the accelerator tunnel have to be investigated from a radiation protection point of view. In this work, the dose rate distribution inside the accelerator vault has been evaluated for expected beam loss scenarios (normal and diagnostic mode of operation) based on Monte Carlo calculations. By means of the multi-particle transport code FLUKA, a simplified model has been defined and the results have been parameterized. From these, a dose rate evaluation has been extracted for different positions inside the accelerator tunnel. The results can be used to investigate the leakage of radiation through cable ducts and infrastructure shafts for different design layouts or modes of operation.
Introduction

1
Designing the SwissFEL free electron laser facility is an iterative process subject to frequent changes affecting the layout of the building and its infrastructure. The actual layout of the accelerator, its shielding and the position and layout of ducts through it for infrastructure needs have to be investigated from a radiation protection point of view. For the SwissFEL project, this has been done in three stages. In a first step, beam losses have been evaluated by accelerator physicists based on the actual layout, experience and beam dynamic simulations -for normal operation, as well as for defined beam loss scenarios during diagnostic operation. From these, the dose rate inside of the accelerator vault arising from secondarily produced neutrons and photons has been calculated (stage two). Required ducts through the *Corresponding author. Email: Eike.Hohmann@psi.ch shielding can be investigated on the basis of the calculated dose rates according to their possible position, layout and design (stage three). Results are then compared to the dose rate constrains defined by the Swiss radiation protection ordinance [1] .
The approach to independently investigate the dose rate inside the tunnel and the dose rate leaking through ducts was motivated by the frequent design changes (for instance shaft positions, accelerator layout). This procedure allows a prompt evaluation of the new situation, necessary in such a design phase. The method used for the first two stages is described in this work. The results are presented with reference to the current machine design (Figure 1) . Details about the project and the accelerator layout can be found in the conceptual design report (CDR) [2] . 
Dose rate due to secondary radiation
To estimate the ambient dose equivalent rate (subsequently referred to as dose rate) due to the secondary radiation from interactions of the primary beam with beam line components, a suitable set of data is mandatory. Since copper is a widely used material for beam line components, the dose rate arising from electrons impinging on a cylindrical copper target is adequate for this purpose. The dose rate due to neutrons and photons arising from electrons impinging on a copper target have been estimated using the multi-purpose Monte Carlo code FLUKA [3, 4] . For this purpose, FLUKA calculations have been carried out for electron energies E from 30 MeV to 8 GeV and target thicknesses d from 2.5 cm to 45 cm. The dose rate D is scored in spherical volumes at a distance of 1 m to the target for angles α from 0° to 180° with respect to the beam axis (Figure 2) .
Due to the large number of data points, a parameterization of the results has been applied. The dose rate in a distance r to the beam line can be evaluated through
using the parameters summarized in Table 1 The dose rates due to neutrons obtained by FLUKA and evaluated from the model deviate by less than 35 % for electron energies greater 50 MeV and angles α greater than 30 °. From a radiation protection point of view, the dose rate in the forward direction is not of great interest. As a result, the length of the copper target of 50 cm used for the calculations ensures, that the high-energy bremsstrahlung component is stopped and therewith the secondary neutron production is maximized.
Dose rate evaluation
Dose rate estimates using the parameterization described above depend on ambiguous assumptions about local beam losses. These have been defined using an adequate target thickness, energy of the interacting electrons and position of the beam loss. To account for the uncertainty arising from these assumptions, the dose rate is calculated with varying the parameters by means of methods from [5] to obtain a probability distribution as shown in Figure 4 . The mean value of the resulting dose rate with associated standard deviation is derived by means of the first and second statistical moment. Since the calculated does rates are used for radiation protection purposes, a value increased by one standard deviation is used for subsequent investigations of ducts in the shielding.
Expected dose rate due to secondary radiation at SwissFEL
The thickness of the beam line component affects the dose arising from interactions of the primary beam with these targets. Due to the layout of the accelerator, target thickness of (25.0±7.5) cm is assumed in the gun and booster region, where many magnets and solenoids are foreseen, the target thickness is estimated with (25.0±7.5) cm. In the linac region, where the main beam losses occur in the cavities, a wall thickness of (10.0±3.0) cm is used.
The expected secondary radiation can be characterized by its origin and be described by the two following scenarios.
Normal operation
During normal operation, the beam is optimized for small emittance to achieve the FEL-pulse requirements. This results in small losses, negligible from a radiation protection point of view.
Electrons produced spontaneously due to field emission from the photocathode and in the accelerating cavities (referred to as dark current) are propagated through the accelerator. Simulations have been carried out to investigate the properties of these electrons [6] . Since the accelerator is optimized for the FEL-pulse, the dark current not originating from the gun is lost near the next magnet and therefore has only energies of a few hundred MeV. The calculated dose rates are based on conservative estimates of the position z L, origin of the loss point, the loss power P L and of the mean energy E L summarized in Table 2 [7] .
During normal operation, the highest dose rate due to secondary radiation is expected in the injector region with maximal values of 1.5 mSvh -1 . Figure 5 shows the expected dose rate distribution in the tunnel.
Diagnostic operation
For machine tuning and optimization, luminescent screens made of LuAlO with a thicknesses of 20 µm or Table 2 . Conservative estimates of parameters used to calculate the dose rate arising due to dark current [7] .
Origin (2) and the set of parameters summarized in Table 3 . The deviation of the simulated results to the parameterized ones for the total electron loss is below 25 % in the covered energy range.
To validate the model, measurements have been carried out at the SwissFEL injector test facility with a 230 MeV electron beam. Inserting a screen of type 1 into the primary beam leads to a beam loss with comparable shape (Figure 6) . In diagnostic mode, the losses due to dark current can be neglected. In this mode of operation, the electron current will be reduced to 200 pA. Since this mode of operation is not foreseen for long term usage, a duty cycle has be assigned to every screen (Figure 7, top) to scale the dose rate arising from its use.
The estimated dose rate due to neutrons (resp. photons) in a distance of 1 m to the beam line is lower than 500 µSvh -1 (100 µSvh -1 ). It increases, depending on the energy of the primary beam, downstream of the position where the screen is inserted. Since the screens cannot be used simultaneously, the maximum dose rate due to neutrons and photons for each position is estimated for radiation protection purposes. The dose rate distribution in the accelerator tunnel is shown in Figure 7 (bottom).
Conclusions
Secondary radiation at the SwissFEL accelerator facility arises, during normal operation, mainly from dark current or, during diagnostic operation, from inserting diagnostic screens. The occurring dose rate due to neutrons and photons is distributed over the length of the accelerator and influences the position and layout of ducts through the shielding.
A flexible tool to estimate the dose rate at any point in the accelerator vault has been developed for radiation protection purposes. Being based on parameterized models, it allows reassessing the situation after a design change more rapidly than a full simulation of the tunnel would achieve. First measurements with a 230 MeV electron beam lead to values comparable to the prediction from the model. z / m Figure 7 . Maximum estimated dose rate distribution due to neutrons (black) and photons (blue) in a distance of 1 m in the accelerator tunnel using a screen type 1 (bottom). The screens have expected duty cycles of 1% (black), 10% (red) and 89% (blue) of the time, when the machine operates in diagnostic mode (top).
